The components of the cellulase induction pathway in fungi remain unclear. Results: Identify the hypothetical protein CLP1 negatively regulates the cellulases induction through working with cellodextrin transporters CDT1 and CDT2. Conclusion: CLP1 is a novel element of the cellulase induction pathway. Significant: These data deepen the understanding of cellulase induction pathway and provide a new strategy to improve fungal cellulase production.
Cellulose is the acknowledged inducer of cellulase production in many fungi. However, it is insoluble and cannot be transported into the cell to induce cellulase gene expression directly. During cellulase induction, there are two stages: a basal level of cellulase expression and mass secretion of cellulases induced by soluble inducers (1) . In the stage of the basal level of cellulase expression, a small amount of solid cellulose near the mycelia is degraded into a few soluble oligosaccharides such as cellulase provokers or inducers. Then the oligosaccharides enter the cell through sugar transporters to trigger the full-scale transcription of cellulase genes. Therefore, oligosaccharide transporters play critical roles in the induction of transport and downstream cellulase genes.
As yet seven oligosaccharide transporters from filamentous fungi have been shown to be involved in cellulose degradation and cellulase induction, including CDT1 and CDT2 in Neurospora crassa (2, 3) , Stp1 and Crt1 in Trichoderma reesei (4) , and CdtC, CdtD, and CdtG in Penicillium oxalicum (5) . CDT1 and CDT2 were the first cellodextrin transporters identified to play an important role in cellulase production and cellulose degradation in N. crassa, especially CDT2. The deletion of cdt2 caused a severe growth defect in cellulose medium (2) . The strain with a deletion of both cdt1 and cdt2 cannot utilize cellulose (6) . Additionally, the cdt2 deletion mutant also has a severe growth defect in hemicellulose medium (6) . In T. reesei, Stp1 can transport cellodextrin. However, stp1 inhibited cellulase gene expression (4) . In P. oxalicum, CdtC, CdtD, and CdtG can transport cellodextrin. The deletion of cdtC and cdtD decreased cellulase gene expression and caused a growth defect on cellulose medium (5) .
With respect to membrane proteins, besides the transporters that have transporting ability like CDT1 and CDT2, there are some proteins that serve as sugar sensor-like or receptor-like proteins, which also contain typical multiple transmembrane domains but lack the ability to transport sugar molecules. Proteins such as Snf3 and Rgt2 in Saccharomyces cerevisiae and RCO3 in N. crassa have been identified as glucose sensors (7) (8) (9) but have no glucose transport activity. Alternatively, there is also a group of membrane proteins that could serve as molecule sensors and transporters, called transceptors (10) ; the sensing and transport might not be the same molecule, for example, Crt1 in T. reesei (3, 4, 11) . The detailed working mechanism of sugar transceptors is not known very well. It has been shown that the transceptor-like protein could be involved in the regulation of its homologous transporters' expression (10) . CDT1 and CDT2 in N. crassa, which were recently characterized as cellodextrin transporters, might also have a role as transceptors and be involved in the induction of cellulases in N. crassa. How-ever, how the pathway is regulated and what other components might be involved in the pathway remains unknown.
N. crassa, a model cellulosic filamentous fungus, has been a novel system for cellulose degradation and cellulase expression research since 2009 (12) . Using the N. crassa system, we have a better understanding of the mechanism of cellulose, hemicellulose, pectin, and plant biomass degradation from the genome-wide level (13) . Moreover, in addition to the two important cellodextrin transporters CDT1 and CDT2, a couple of novel lignocellulose degradation transcription regulators were identified from this organism, such as CLR1 (cellulose degradation regulator 1), CLR2 (cellulose degradation regulator 2) (14), XLR1 (xylan degradation regulator 1) (15), and HCR1 (hemicellulase regulator) (16) . Very excitingly, after deleting the main ␤-glucosidase genes, cellobiose can induce cellulase production very efficiently in this engineered strain (⌬3␤G), whereas cellulase induction by cellobiose was not detected in the wild-type N. crassa strain (17) . The disruption strain of the major ␤-glucosidase genes (⌬3␤G) is a very good system to investigate the cellulase induction signaling pathway.
In this study we discovered the membrane protein NCU05853, which is the closest homolog of the cellodextrin transporter CDT2, and named it cellodextrin transporter-like protein 1 (CLP1). 2 CLP1 is a novel component of the cellulase induction pathway. Functionally, it cannot transport cellodextrin, but it can repress the expression of the cellodextrin transporter, inhibiting cellodextrin uptake in N. crassa. Under the ⌬3␤G strain background, co-disrupting clp1 and cdt2 (formed CPL7) can significantly speed up the cellulase induction and increased the cellulase production for up to 6.9-fold. The mechanism of hypercellulase production was also investigated by genome-wide analysis of the CPL7 strain on cellobiose.
EXPERIMENTAL PROCEDURES
Strains-All of the N. crassa single deletion mutants were obtained from the Fungal Genetics Stock Center (FGSC) (18, 19) , including wild-type (FGSC 2489), ⌬cdt1 (NCU00801: FGSC 16575), ⌬cdt2 (NCU08114: FGSC 17869), ⌬ncu05853 (NCU05853: FGSC 13771), and the three major ␤-glucosidase mutants, ⌬ncu00130(NCU00130: FGSC 11822), ⌬ncu04952 (NCU04952: FGSC 13731), and ⌬ncu08755 (NCU08755: FGSC 18387). The triple deletion strain ⌬3␤G and multiple deletion strains with ⌬cdt1, ⌬cdt2, and/or ⌬ncu05853 in the ⌬3␤G background were constructed by sequential crosses in N. crassa (20) . All strains used in this study are listed in Table 1 .
The S. cerevisiae recombinant strain expressing the ␤-glucosidase gh1-1 (YP130) and S. cerevisiae recombinant strain expressing cdt1, cdt2, or ncu05853 in the YP130 background were constructed as previously described (2) . The primers used to clone the S. cerevisiae ncu05853 gene were 5853G-F (TAT-TAAACTAGTATGGGCGGTGCAGGTGGT) and 5853G-R (TTATAAGAATTCTGGGACATGCTCCTTTACCTCAG).
Cellobiose Fermentation and CLP1 Localization-All of the S. cerevisiae recombinant strains were grown in liquid medium under selective conditions to the logarithmic growth phase. Then the cells were harvested, washed, and transferred to liquid minimal medium with 1% cellobiose as the sole carbon source with the same initial cell density. The cell density was measured at 600 nm every day. The data represent the average of three technical replicates with the S.D. The microscopic observation of CLP1 localization was performed on a Leica TCS SP5 II laser scanning confocal microscope (Leica), and Leica Microsystems LAS AF-TCS MP Version 2.4.1, build 6384, and ImageJ software were used for image processing.
Shake Flask Experiment-All of the N. crassa strains were grown on slant tubes containing minimal medium with 2% sucrose (MM) for 10 days at 28°C to obtain conidia. For liquid cultures, 100 ml of medium with Vogel's salt and 2% carbon source were inoculated with 10 6 conidia/ml. The 50ϫ Vogel's salt was prepared as previously described (21) . For enzyme activity measurements, all of the N. crassa strains were precultured in liquid MM for 48 h at 25°C and then transferred into 2% cellobiose or 2% Avicel medium for an additional 1-7 days of cultivation as needed. For gene expression analysis, mycelia that were cultured for 16 h in MM were transferred into 2% cellobiose medium for an additional 4 h. Biochemical Analysis-The total extracellular protein concentration was measured in all of the mutant and wild-type strains using the Quick Start Bradford Protein Assay kit (Bio-Rad). The endoglucanase activity was measured using an azo-CMC kit (S-ACMCL, Megazyme) according to the manufacturer's instructions. The amount of sugar remaining in the supernatants of different mutants was determined by the DNS method.
Transcriptome Analysis-The mycelia samples for RNA extraction were collected by filtration and immediately frozen in liquid nitrogen. Total RNA was isolated with TRIzol reagent (Invitrogen) by the previously described method (12) and further treated with DNase I (RNeasy Mini kit, Qiagen). The RNA concentration was measured by a Nanodrop, and the RNA integrity was checked by agarose gel electrophoresis. Then the RNA was subsequently used for either RNA-seq or quantitative reverse transcription (qRT)-PCR experiments.
RNA-seq was performed on the Illumina HiSeq TM 2000 platform of BGI (Shenzhen, China). To prepare reads for analysis, adaptors and low quality reads were removed based on the BGI standard process. Then qualified reads were mapped against the N. crassa OR74A genome (Version 12) (22) with fewer than two mismatches using Tophat (Version 2.0.8b) (23) . The alignment results were stored in SAM format files for subsequent analysis. Read counts that uniquely mapped to exons of predicted transcripts (version 7) were calculated for each individual gene by HTSeq (24) using SAM files and genome annotation as input. The normalized expression values for each gene were calculated using the number of uniquely mapped reads per kilobase of exon model per million mapped reads (RPKM) (25) . GFOLD (26) and DEGseq (27) software were used to identify the differentially expressed genes from different samples. Genes with GFOLD Ն 1 (normalized -fold change of Ն2) and DEGseq p value Ͻ1eϪ4 as determined by Fisher's exact test and likelihood ratio test (27) were taken as significantly differential expression. All RNA-seq data generated in this study (⌬3␤G, CPL4, and CPL7 exposed to 2% cellobiose for 4 h) are available in the Gene Expression Omnibus (GEO, www.ncbi.nlm.nih. gov) under accession number GSE60004. The RNA-seq data of ⌬3␤G exposed to sucrose for 4 h were downloaded from GEO (accession number GSE36719) (17) .
qRT-PCR-qRT-PCR was performed using the iScript cDNA Synthesis kit and IQ SYBR Green Supermix according to the manufacturer's instructions (Bio-Rad). Each reaction was done in triplicate. Actin expression (accession number NCU04173) was used as an endogenous control for normalization. The primers for qRT-PCR were ActinRT-F (TGATCTTACCGAC-TACCT), ActinRT-R (CAGAGCTTCTCCTTGATG), 801RT-F (CGAGACTGAGGAGATGAG), 801RT-R (GTATTGAAG-TAACCGAGACC), 8114RT-F (CTTTATCTGGGTGTTC-GG), 8114RT-R (GTTCGCATAAGTATTGAGC), 5853RT-F (GCCCTGACCTACACCTAC), and 5853RT-R (GCCAAA-CGACCAAAGAGC).
Phylogenetic Analysis-Amino acid sequences of all the proteins were obtained from the National Center for Biotechnology Information (NCBI) database. The alignments were per-formed using ClustalW. The phylogenetic tree was constructed using the neighbor-joining method in MEGA 5.0 (28) with 500 bootstraps, and gaps were completely deleted during the tree construction.
Phylogenetic analysis of NCU05853 with other cellodextrin transporters or sugar sensors ( Fig. 1 ) used the following NCBI accession numbers for tree construction:
S. cerevisiae SNF3 (CAA98771.1), and S. cerevisiae HXT-1 (DAA06789.1). In the tree the bar indicates 0.2 substitutions per amino acid residue.
For the phylogenetic analysis of NCU05853 orthologs in other strains (supplemental Fig. S3 ), we first identified the top 50 hits in NCBI using the NCU05853 amino acid sequence as query. The redundant sequences within one species were removed, keeping the best hit for each species. This resulted in 24 sequences for NCU05853. Using these sequences as query to search the N. crassa genome, the best hits of these sequences were identified as NCU05853 orthologs. NCU05853 orthologs were subjected to further phylogenetic analyses. NCBI accession numbers are listed in the tree, and the bar represents 0.05 substitutions per amino acid residue.
RESULTS

NCU05853, Predicted as a CDT2 Homolog, Does Not Have a
Cellodextrin Transport Function-Previously, the two cellodextrin transporters CDT1 and CDT2 had been shown to play an important role in cellulose degradation and cellulase induction (2, 3). However, we still know very little about the pathway that is responsible for cellulase induction by cellodextrin besides the major ␤-glucosidases and two cellodextrin transporters; for example, the other components in this pathway are unknown. In previous transcriptional profiling data, the ncu05853 gene, which was predicted as the closest homolog of CDT2 ( Fig. 1) , showed an expression pattern that was similar to that of two cellodextrin transporters in the wild-type strain under Avicel conditions and in ⌬3␤G, which is an N. crassa strain with three ␤-glucosidase genes deleted (17), under cellobiose conditions, indicating that the ncu05853 gene might play a role in the cellulase induction pathway. Based on the domain prediction, the protein NCU05853 has a typical 12-transmembrane structure. Together, the expression data and sequence homology to CDT2 suggest that NCU05853 might be a cellodextrin transporter. To examine this prediction, ncu05853 was co-expressed with an intracellular ␤-glucosidase gene, gh1-1 (NCU00130), from N. crassa in S. cerevisiae. Although NCU05853 expressed and localized in the plasma membrane correctly, a cellobiose fermentation assay showed that NCU05853 does not support the growth of the recombinant S. cerevisiae strain on cellobiose and cellotriose (data not shown). This contrasted with the engineered yeast strain with CDT2 and gh1-1, which grew well under the same conditions (Fig. 2) . These data clearly showed that NCU05853 does not have the ability to transport cellobiose. It is not a cellodextrin transporter, which was named cellodextrin transporter like protein 1 (CLP1). Because CLP1 appears to be co-expressed with CDT1 and CDT2, alternatively, it might be involved in the cellulase induction pathway with CDT1 and CDT2, which have both been hypothesized to be signal transceptors of the cellulase induction pathway by cellodextrin (3). We will continue to characterize whether there are any roles played by this membrane protein during cellulase induction by cellodextrin using the ⌬3␤G background strain. CLP1 Suppresses Cellulase Induction; Co-disruption of cdt2 and clp1 in ⌬3␤G Significantly Increases Cellulase Induction-Because cellobiose can efficiently induce cellulase production in the ⌬3␤G mutant, in which the three main ␤-glucosidase genes (gh1-1, gh3-4, and gh3-3) are deleted, it is a very good system to investigate the molecular basis of the cellulase induction pathway (3, 17) . To test the alternative hypothesis that CLP1 might play a role in signaling transduction during cellulase induction by cellodextrin, we constructed seven series mutants with one to multiple genes disrupted in the ⌬3␤G strain background ( Table 1) . As expected, the multi-gene disruption mutants had serious defects in aerial hyphae, ascospore production, and biomass production in liquid culture with Avicel or cellobiose; these defects were similar or even worse than those of the ⌬3␤G strain (supplemental Fig. S1 ). Five of the engineered strains have short aerial hyphae and few ascospores; one quintuple mutant, CPL7 (⌬3␤G⌬cdt2⌬clp1), and one sextuple mutant, CPL8 (⌬3␤G⌬cdt1⌬cdt2⌬clp1), had vigorous spore production (Fig. 3A) . Not surprisingly, the quintuple mutant CPL5 (⌬3␤G⌬cdt1⌬cdt2) cannot grow at all in 2% cellobiose medium (Fig. 3B) , indicating that CLP1 cannot support fungus growth on cellobiose when cdt1 and cdt2 are deleted, consistent with the above result that this protein is not a cellodextrin transporter, even in the native host N. crassa.
Cellulase production was our focus for the series of engineered mutants. To measure cellulase accumulation, we fermented the pre-grown mycelia on 2% cellobiose for a total of 7 days, a similar time that is used for cellulase production in industry and a different time than the previously reported con-dition of 4 h induction with 1 M cellobiose (3), which was mainly used to investigate the initial induction mechanism. The secreted protein and enzyme activities of fermented cultures were measured daily ( Fig. 4 and supplemental Fig. S2 ). Not surprisingly, the quintuple mutant of CPL5 (⌬3␤G⌬cdt1⌬cdt2) had no cellulase accumulation even after fermentation for 7 days, which was consistent with the phenotypic analysis above. Most of the strains reached the maximum point at about 3-4 days except CPL3 (⌬3␤G⌬cdt2), in which cellulases continued to accumulate until 6 days, and the final cellulase production surprisingly increased to about 4-fold that of the reference JANUARY 9, 2015 • VOLUME 290 • NUMBER 2 strain ⌬3␤G (Fig. 4 ). We know that the fungus requires CDT2 for cellulose degradation and cellulase induction. The deletion of both CDTs results in zero cellulase induction, but the deletion of only cdt2 in the ⌬3␤G background results in a 4.3-fold increased cellulase production. This clearly suggested that the mechanism of cellulase induction by cellodextrin was much more complicated than previously thought. Although the quintuple mutant CPL5 (⌬3␤G⌬cdt1⌬cdt2) has no cellulase production, the cellulase production in another two quintuple mutants, CPL6 (⌬3␤G⌬cdt1⌬clp1) and CPL7 (⌬3␤G⌬cdt2 ⌬clp1), was dramatically higher than that of the starting strain, ⌬3␤G. Particularly, the CPL7 strain had secreted protein and cellulase activity that was increased 5.8-and 6.9-fold over the levels of the ⌬3␤G strain, respectively. Another very interesting finding is that the speed of cellulase induction was faster in CPL7 than in any of the other strains tested; CPL7 is the highest cellulase-producing strain among the nine tested strains after 1 day, and it reached the peak point on the third day. The hypercellulase production of strains CPL6 and CPL7, particularly CPL7, clearly suggested that the membrane protein CLP1 is a novel component of the pathway that is deeply involved in the cellobiose induction of cellulases through a dedicated interaction with two cellodextrin transporters, CDT1 and CDT2. CLP1 Suppresses Cellulase Induction by Repressing Cellobiose Uptake in N. crassa-To further investigate the mechanism of CLP1 suppression of cellulase induction by cellobiose, we measured the cellobiose uptake rate of the mutants because this saccharide has been suggested to be the cellulase provoker in N. crassa. As expected, deletion of both of the cellodextrin transporters (CPL5: ⌬3␤G⌬cdt1⌬cdt2) results in no cellobiose uptake, whereas the mutants with a single deletion of either cdt1 or cdt2 in the ⌬3␤G background had a decreased cellobiose transport rate, especially in CPL3 (⌬3␤G⌬cdt2) (Fig. 5A) . Interestingly, the CPL7 strain (⌬3␤G⌬cdt2⌬clp1) showed a much higher cellobiose uptake rate than all other mutants. Combined with the cellulase production data of Fig. 4 , this indicated that a uniform rule cannot be used to make conclusions about the cellobiose consumption rate and cellulase induction. For most of mutants except the CPL7 strain, the slower cellobiose consumption would result in more cellulase production; for example, the cellobiose consumption among the mutants was CPL3 Ͻ CPL6 ϳ CPL2 Ͻ CPL4 ϳ ⌬3␤G, and the inverse Mutant slants (A) and growth phenotypes of ⌬3␤G and CPL5 in 2% cellobiose medium after 3 days (B) .
CLP1 Role in Cellulase Induction in N. crassa
FIGURE 4. Protein production (A) and cellulase activity (B, CMCase activity) in a series of multi-gene disruption mutants on 2% cellobiose medium.
Mycelia were pre-grown on Vogel's minimal medium with 2% sucrose (MM) and were transferred to 2% cellobiose-inducing medium for 7 days.
trend can be used for the cellulase production in Fig. 4 . One consequence of the slower consumption is the relative higher cellobiose (putative inducer) in the medium, suggesting that the higher concentration of the cellulase inducer would benefit the total cellulase production. However, it is a different case for the CPL7 strain, which is the most efficient cellulase producer among the mutant strains tested, and it had a high cellobiose consumption. To explain why this strain has a high cellobiose consumption rate, we checked the cdt1 expression by qRT-PCR (Fig. 5B) . The data clearly showed that the gene expression of CDT1, with more efficient cellobiose transport activity than CDT2 (2), was up-regulated Ͼ100-fold in the CPL7 strain compare with the ⌬3␤G strain (Fig. 5B ). This could explain the higher cellobiose uptake rate of the CPL7 strain. Based on this, we infer that the faster cellobiose uptake rate might cause the higher intracellular concentration of the inducer, which resulted in faster cellulase induction and higher accumulation. Consistent with the cellobiose consumption, the cellulase production of CPL7 reached the highest level on the third day, and there was no further increase after 3 days when the cellobiose was consumed (Fig. 5A ). Taken together, our data suggest that both the intracellular and extracellular inducer concentration would affect cellulase induction. Additionally, CLP1 is involved in cellulase induction by affecting the cellodextrin transporter expression and further influencing cellobiose uptake in N. crassa, which influences cellulase induction.
Transcriptional Profile Analysis of the CPL7 Hypercellulaseproducing Mutant Strain-To gain a genome-wide understanding of the molecular basis of hypercellulase production in CPL7 (⌬3␤G⌬cdt2⌬clp1) on cellobiose, transcriptional profile analysis was performed using the CPL7 strain on cellobiose with ⌬3␤G and CPL4 (⌬3␤G⌬clp1) as comparison strains (supplemental Table S1 ). There are 1309 genes that were up-regulated at least 2-fold in CPL4 and CPL7 relative to ⌬3␤G (Fig. 6 , supplemental Table S2 ). Consistent with the cellulase production phenotype on 2% cellobiose, the gene expression profile of CPL7 is significantly different from that of ⌬3␤G and CPL4 (Fig. 6A ). Hierarchical clustering of gene expression patterns for the 1309 genes revealed two clusters (Fig. 6A , supplemental Table S3 ). Cluster 1 consisted of 804 genes that showed a strikingly high expression level in CPL7 and partially in CPL4 compared with ⌬3␤G. 225 genes were enriched in the category of C-compound and carbohydrate metabolism (polysaccharide metabolism and sugar, glucoside, polyol, and carboxylate catabolism) by FunCat analysis (29) (supplemental Table S4 ). These genes included the main cellulase genes (NCU07340, NCU09680, NCU00762, NCU07190, NCU05121, NCU05057, and NCU04854) and the main hemicellulase and LPMO (previously GH61) genes (NCU08760, NCU02916, NCU02240, NCU01050, and NCU00206). These cellulase genes and LPMO genes have significantly high expression levels in CPL7 (Fig. 6C) . Noticeably, the gene expression of three major cellulase-and hemicellulase-related transcriptional factors, clr1, clr2, and xlr1, were up-regulated Ͼ100-fold (Fig. 6D ). Besides these genes, consistent with the qRT-PCR analysis above, the cellodextrin transporter gene cdt1 (NCU00801) is also in this cluster. Compared with ⌬3␤G, the expression level of cdt1 in CPL7 is up-regulated 86-fold according to the RPKM value (Fig. 6E) . NCU00809, an Major Facilitator Superfamily (MFS) transporter that also has a slight ability to transport cellodextrin (30) , is also up-regulated, supporting the idea that the cellobiose uptake was de-repressed in CPL7 because of the deletion of clp1 (supplemental Table  S4 ).
Most of cluster 2 (505 genes) shows up-regulation in ⌬3␤G on sucrose. Some of the genes were also up-regulated in the CPL7 strain on cellobiose. FunCat analysis showed that the functions of these 505 genes were related to vegetative growth and were enriched in the category of protein synthesis, protein with binding function or cofactor requirement (structural or catalytic), and energy and metabolism (supplemental Table S5 ).
Together with our genome-wide profiling data, we clearly saw that the whole machinery of cellulase induction and expression was stimulated in the CPL7 strain, including the cellobiose (putative cellulase inducer) uptake genes and major cellulase transcriptional regulators.
Cellulase Production of CPL7 on Avicel-The CPL7 strain we constructed has 6.9-fold more cellulase production than the ⌬3␤G strain on cellobiose. We then tested the cellulase production on Avicel. To obtain similar mycelia to start, mycelia were pre-grown on Vogel's MM and were inoculated into Vogel's medium with 2% Avicel as the sole carbon source. The secreted protein level and cellulase activity were measured daily for a total of 7 days ( Fig. 7 and supplemental Fig. S2 ). Basically, the cellulase productivity of all mutants reflected the performance on 2% cellobiose. CPL7 (⌬3␤G⌬cdt2⌬clp1) had the highest secreted protein and cellulase activity, which was 5.7-fold higher than the cellulase production of ⌬3␤G. Previously, the protein and cellulase production of ⌬3␤G was lower than that of the wild-type strain on Avicel (31), and the secreted cellulase level of CPL7 was ϳ20% greater than that of the wild-type strain on Avicel (Fig. 7A ). The speed of cellulase production in CPL7 was also much faster than that of any other strain on Avicel, including the wild-type strain (Fig. 7) .
DISCUSSION
Cellobiose and cellobiose derivatives are considered to be cellulase inducers (17) . The wild-type N. crassa strain cannot produce cellulase on cellobiose. When the three main ␤-glucosidase genes were deleted (forming strain ⌬3␤G), cellobiose can induce cellulase production (17) . This is due to the elimination of the main hydrolysis function of ␤-glucosidase, which can hydrolyze cellobiose into glucose. Besides the ␤-glucosidase, cellodextrin transporters are also involved in the cellulose degradation and cellulase induction pathway because of their ability to transport a putative inducer of cellulase in N. crassa, cellobiose (2) . The roles of cellodextrin transporters in the cellulase induction pathway have become an interesting topic recently in N. crassa and other cellulolytic fungi (4, 5) . Still, very little is known about the whole induction pathway, such as the detailed working roles of each cellodextrin transporter, how they interact with the other components (i.e. ␤-glucosidases), and whether there is any other novel components involved in the pathway.
In this paper we discovered a novel component of the cellulase induction pathway, CLP1, which is a membrane protein with sequence similarity to CDT2. The functional characterization of the gene was performed based on the construction of seven multiple-gene disruption mutants in the ⌬3␤G background strain. Although clp1 is co-expressed with cdt2 in N. crassa on Avicel and cellobiose (17), CLP1 is not involved in cellodextrin transport. To better understand the function of CLP1 and its interactions with the other components of the pathway, which includes at least six genes (clp1, cdt1, cdt2, and three ␤-glucosidase genes), from the ⌬3␤G strain, we constructed a series of seven mutants with the deletion of clp1 and/or two cellodextrin transporter genes (cdt1 and cdt2). The systematic phenotype analysis of cellulase production of seven quadruple, quintuple, and sextuple mutants revealed that clp1 serves as an inhibitor of cellulase induction by cellobiose. The co-disruption of clp1 and cdt2 combined with the deletion of three major ␤-glucosidases (CPL7 strain) resulted in cellulase production that was enhanced Ͼ6-fold compared with the control strain ⌬3␤G.
Transcriptome analysis of the hypercellulase-producing strain CPL7 (⌬3␤G⌬cdt2⌬clp1) showed that a large number of enzyme genes from the Carbohydrate Activity Enzyme database, major lignocellulase regulator genes (clr1, clr2, and xlr1), and the cellodextrin transporter cdt1 were strikingly up-regulated. Thus, we hypothesized that CLP1 can repress the expression of cellodextrin transporters at certain level, which further controlled cellobiose transport and the downstream cellulase production in N. crassa. Although the mechanism is not clear, whether CDT synthesis might be regulated through forming the dimer with CLP1 will be interesting to investigate in the future. Similarly, the lactose permease Crt1 (Trire2:3405) has no cellobiose transport ability, but it affects cellulase induction by cellobiose in T. reesei. The absence of Crt1 abolishes the cellulase gene expression (11) .
An interesting finding of this study concerns the engineered strain CPL3 (⌬3␤G⌬cdt2). Although the cellobiose transport activity of the strain strikingly decreased, which caused lower cellulase induction over the first 1-2 days, cellulase production increased quickly after 2 days of induction and was even higher after 7 days of fermentation. We hypothesized that keeping the extracellular inducer concentration high might benefit cellulase production during fermentation. In the hypercellulaseproducing strain CPL7 (⌬3␤G⌬cdt2⌬clp1), the deletion of clp1 resulted in the much faster cellobiose uptake rate and greater cellulase production than CPL3 (⌬3␤G⌬cdt2), suggesting that the higher intracellular concentration of inducer could also stimulate cellulase induction and production like the extracellular concentration.
A previous study suggested that both CDT1 and CDT2 could be the transceptors that are involved in the cellulase induction pathway and that both proteins not only transport cellobiose but also are involved in cellobiose sensing (3). When we co-disrupted clp1 and cdt2, the expression of cdt1 was up-regulated Ͼ100-fold. Super cellulases were produced by this strain. We did not observe as high cellobiose uptake and up-regulated cellulase expression in CPL6 (⌬3␤G⌬cdt1⌬clp1) as in CPL7 (⌬3␤G⌬cdt2⌬clp1). Combining the cellulase production and cellobiose uptake rate, we hypothesized that it is possible that CLP1 works with CDT2, not CDT1, to sense and transduce the cellobiose signal, which further controls the downstream components of the cellulase induction pathway. These results suggested that only CDT2 might serve as the cellobiose transceptor, which is consistent with the former result that only the cdt2 mutant has a cellulase induction defect in the wild-type background of N. crassa. Meanwhile, for transportation kinetics, CDT1 is much better than CDT2 (2), suggesting that CDT1 is mainly responsible for cellodextrin transport. The sensing and signal transduction roles were conducted by CLP1 and CDT2. During the preparation of this manuscript, CLP1 was mentioned in one publication about the carbon catabolic repression mechanism, which stated that this protein can somehow transport cellobiose acid (the details of this transport have not been reported because the author only mentioned this as unpublished data; Ref. 32 ). This observation does not necessarily conflict with our hypothesis that it is a novel component of the cellulase induction pathway, works with CDT2, and is involved in cellobiose sensing and signal transduction. Therefore, CLP1 might be a transceptor like CDT2, which has a dual function in oligosaccharide transport and sensing (3). Because homologs of
